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ABSTRACT The precise orchestration of synaptic differ-
entiation is critical for efficient information exchange in the
nervous system. The nerve–muscle synapse forms in response
to agrin, which is secreted from the motor nerve terminal and
induces the clustering of acetylcholine receptors (AChRs) and
other elements of the postsynaptic apparatus on the subjacent
muscle cell surface. In view of the highly restricted spatial
localization and the plasticity of neuromuscular junctions, it
seems likely that synapse formation and maintenance are
regulated by additional, as-yet-unidentified factors. Here, we
tested whether neurotrophins modulate the agrin-induced
differentiation of postsynaptic specializations. We show that
both brain-derived neurotrophic factor (BDNF) and neuro-
trophin-4 (NT-4) inhibit agrin-induced AChR clustering on
cultured myotubes. Nerve growth factor and NT-3 are without
effect. Muscle cells express full-length TrkB, the cognate
receptor for BDNF and NT-4. Direct activation of this receptor
by anti-TrkB antibodies mimicked the BDNF/NT-4 inhibition
of agrin-induced AChR clustering. This BDNF/NT-4 inhibi-
tion is likely to be an intrinsic mechanism for regulating AChR
clustering, because neutralization of endogenous TrkB li-
gands resulted in elevated levels of AChR clustering even in
the absence of added agrin. Finally, high concentrations of
agrin can occlude the BDNF/NT-4 inhibition of AChR clus-
tering. These results indicate that an interplay between agrin
and neurotrophins can regulate the formation of postsynaptic
specializations. They also suggest a mechanism for the sup-
pression of postsynaptic specializations at nonjunctional re-
gions.

The formation, maintenance, and plasticity of synaptic con-
nections is essential for the proper functioning of the nervous
system. A hallmark of fast synapses is the precise spatial
registration of the nerve terminal and postsynaptic apparatus.
This alignment has been long appreciated in nerve–muscle
synapses (1) and has also been demonstrated in a wide range
of neuronal synapses (2). Synaptic structure also is tightly
regulated: a large number of the synaptic connections initially
formed in both the central nervous system (CNS) and the
periphery are pruned by the process of synapse elimination.
Some aspects of learning and memory also are likely to involve
structural changes at synapses (3). Finally, unmatched pre- or
postsynaptic specializations are rarely observed in mature
muscle or the CNS.

Synapse formation is best understood at the neuromuscular
junction. Mechanisms known to mediate its differentiation
include neuregulins/ARIA (4), electrical activity (5), and agrin
(6). Agrin plays an early and central role in nerve–muscle
synapse formation. This extracellular matrix molecule is se-
creted from the nerve terminal and induces the clustering of
acetylcholine receptors (AChRs) as well as the organization of
other postsynaptic elements on the muscle cell surface. Tar-
geted deletion experiments in mice have shown that agrin and

its signaling receptor (muscle-specific kinase; MuSK) are
essential for postsynaptic differentiation (7, 8). These exper-
iments also revealed that agrin and MuSK are necessary for
presynaptic apparatus formation and for the synapse-selective
transcription of genes encoding AChR subunits. Finally, re-
combinant agrin presented extrasynaptically in denervated
adult muscle can induce postsynaptic differentiation (9). Thus,
agrin is necessary and in at least some aspects sufficient for
inducing postsynaptic differentiation.

AChR clustering on the muscle cell surface is highly regu-
lated. For example, ectopic postsynaptic specializations fail to
form if a foreign nerve is presented extrasynaptically (10).
Although extrajunctional AChR clusters are scarce in normal
muscle, they rapidly accumulate following denervation (11,
12). Furthermore, during synapse elimination the postsynaptic
apparatus is lost before nerve terminal withdrawal (13), sug-
gesting that there are factors acting to disperse AChR clusters
even in the continued presence of the nerve terminal. To-
gether, these observations point to the existence of factors that
modulate AChR clustering.

Neurotrophins are a family of neurotrophic factors first
appreciated for their neuron-survival and neurite-outgrowth
activities (14). The major class of receptors for these polypep-
tides is the Trk family of receptor tyrosine kinases. TrkA and
TrkC are the primary receptors for nerve growth factor (NGF)
and neurotrophin-3 (NT-3), respectively; TrkB serves as a
receptor for both brain-derived neurotrophic factor (BDNF)
and NT-4 (15, 16). Recent work has revealed an unexpectedly
diverse range of neurotrophin activities (17), including a role
in synaptic function and plasticity (18, 19). For example,
overexpression of NT-4 by muscle potentiates neurotransmit-
ter release from the motor neuron nerve terminal (20). In
addition, Loeb and Fischbach (21) have shown that BDNF
up-regulates neuregulin mRNA expression in motor neurons.
Neurotrophins have also been implicated in visual cortex
plasticity (22), dendritic differentiation (23), and long-term
potentiation (18, 24). Despite these provocative findings, it has
been difficult to sort out the cellular and molecular basis of
these neurotrophin effects.

Here we have investigated whether neurotrophins regulate
agrin-induced postsynaptic differentiation. We used the simple
system of agrin-induced AChR clustering on cultured myo-
tubes. Because no neurons are present in these cultures, it was
possible to restrict the analysis to events occurring on the
postsynaptic cell. We find that exogenous BDNF/NT-4 inhibits
agrin-induced AChR clustering through a TrkB-dependent
mechanism. Furthermore, our findings indicate that tonic
inhibition by BDNF/NT-4 is an intrinsic mechanism for reg-
ulating the formation of postsynaptic specializations. These
results suggest that the agrin pathway could be a target of
neurotrophin-mediated synaptic plasticity.
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MATERIALS AND METHODS

Cultures. Chicken myotube cultures were prepared from
pectoral muscle of embryonic day 11 (E11) embryos as de-
scribed (25). Muscle cells were cultured on glass coverslips
coated with poly-D-lysine and gelatin in minimum essential
medium (alpha medium; GIBCO) supplemented with 10%
horse serum, 2% chicken embryo extract, and 100 units/ml
penicillin. Cultures were used 3–5 days after plating.

Recombinant Agrin. A recombinant fragment of rat
agrin12,4,8 corresponding to the C-terminal half of the molecule
(26) was used in these experiments. This alternatively spliced
form of agrin is expressed exclusively in neurons, including
motor neurons, and is among the most potent for inducing
AChR clustering on myotubes. A cDNA clone encoding this
fragment (generously provided by M. Ferns, McGill Univer-
sity, Montreal) was produced in COS cells as described (27).

AChR Clustering Assays. Myotubes were incubated with
recombinant rat agrin for 12–16 hr. Increasing amounts of
agrin were added to the myotube cultures to determine an
initial concentration/effect curve. An agrin concentration of
20 pM yielded a half-maximal agrin stimulation, whereas a
dose of 100 pM agrin yielded maximal agrin stimulation (see
Fig. 4B). All test compounds were added at the time of agrin
application. Rhodamine-labeled a-bungarotoxin was added to
the culture medium 1 hr before fixation. Coverslips were
allowed to air dry, mounted in Citif luor (Pella, Redding, CA),
and viewed under epif luorescence optics with a Nikon Eclipse
E-800 microscope. The number of AChR clusters $4 mm in
their longest dimension were counted along 400-mm segments
of myotube membrane. Ten myotube segments per coverslip
were scored, and each experiment consisted of four coverslips
per treatment. The number of experiments performed is
reported as n. The P values were determined by using ANOVA
and Newman–Keuls multiple-comparison test performed on
the means.

Antibodies. Rabbit anti-chicken TrkB and rabbit anti-
chicken TrkC were generous gifts of F. Lefcort (Montana State
University, Bozeman, MT) and L. Reichardt (University of
California, San Francisco). Each of these antisera specifically
activates its respective Trk as shown by their ability to sustain
DRG cells in culture (28, 29). This TrkB antibody binds to
neither TrkA nor TrkC, and the monomeric fab fragment
neither activates TrkB nor sustains survival of DRG cells in
culture (29). The TrkB-Fc fusion and the irrelevant Fc fusion
were provided by D. Shelton (Genentech Inc., South San
Francisco, CA).

Immunohistochemistry. Myotubes grown in culture for 3
days were fixed with 4% paraformaldehyde. Nonspecific bind-
ing sites were blocked by incubation in medium containing
10% horse serum and 1% goat serum followed by incubation
with a polyclonal antibody to either TrkB (29) or an irrelevant
antibody (both at 1 mg/ml) for 12 hr at 4°C. Bound antibody was
detected with a Cy3-conjugated goat anti-rabbit IgG (1:500;
Jackson ImmunoResearch). Coverslips were mounted in Citi-
f luor and visualized under rhodamine optics.

Analysis of TrkB mRNA Expression in Myotubes. For RNA
extraction, chicken myotube cultures were prepared as de-
scribed above but were grown in 10-cm culture dishes for 5–7
days. Myotubes were trypsinized and the RNA was extracted
(RNeasy kit, Qiagen, Chatsworth, CA). Myotube RNA was
reversed-transcribed with Moloney-murine leukemia virus
(M-MLV) reverse transcriptase and random primers (Gibco)
and the resultant cDNA was PCR-amplified by using primers
specific for the full-length, kinase-containing form of TrkB
(30). The forward upstream primer is 59-AAA ATA CAT GTT
ATC AAT CA-39 and the downstream primer is 59-ACT CCT
CAC TGC TAC CAA 3-9. The product of this PCR reaction
was amplified further with nested primers: upstream 59-GGA

CAA CCC TAC CCA CCT GA-39 and downstream 59-TTC
TCC CAG TTC TCT TTT GA-39.

An oligo(dT)-primed cDNA library from cultured chicken
myotube mRNA was constructed and ligated into the pCMX
vector using the methods described by Davis et al. (31). This
library was used in the same nested PCR experiments de-
scribed above.

RESULTS

We first asked whether exogenously applied neurotrophins
influence agrin-induced AChR clustering on myotubes (Fig.
1). On untreated myotubes, most AChRs are diffusely distrib-
uted on the cell surface, whereas some are arrayed in spon-
taneous clusters called hot spots. Addition of agrin induced the
aggregation of the diffusely arrayed AChRs into clusters.
However, agrin failed to induce AChR clustering in the
presence of added BDNF or NT-4 (Fig. 1). Two other neuro-
trophins, NGF and NT-3, did not affect the levels of agrin-
induced AChR clusters, even when used at 10-fold higher
concentrations. None of the neurotrophins tested altered the
level of spontaneous AChR clusters (Fig. 1B; data not shown).
Thus, BDNF and NT-4 inhibit agrin-mediated differentiation
of postsynaptic specializations.

BDNF and NT-4 are both ligands of TrkB (32–35). There-
fore, we next asked whether the BDNF/NT-4 inhibition of
AChR clustering we observed was mediated by TrkB receptors
on the myotube surface. To demonstrate the presence of
message encoding full-length TrkB in these myotubes, we
performed RT-PCR on RNA isolated from them (30). Fig. 2A
shows the message for the tyrosine kinase-containing form of
TrkB is expressed in cultured myotubes. Sequences encoding
full-length TrkB also were detected in a chicken myotube
cDNA library. These results are in agreement with previous
studies that have shown TrkB mRNA expression in skeletal
muscle (36, 37). Immunohistochemistry with a TrkB-specific
antibody demonstrated that cultured chicken myotubes ex-
press TrkB on their surface (Fig. 2B). To determine whether
TrkB activation is sufficient to mediate inhibition of AChR
clustering, we directly activated this receptor by using anti-
body-mediated dimerization (28, 29, 38). Importantly, this
treatment also inhibited agrin-induced AChR clustering (Fig.
2C). In contrast, incubation with anti-TrkC or an irrelevant
IgG had no effect, even at 5-fold higher concentrations. In
addition, activation of the fibroblast growth factor receptor
tyrosine kinase by the addition of basic fibroblast growth factor
(30 ng/ml, GIBCO) did not inhibit agrin-induced AChR
clustering (data not shown), indicating that the neurotrophins
are not likely to be acting by sequestering signaling molecules
used by receptor tyrosine kinase activation. Together, these
data indicate that BDNF and NT-4 mediate the inhibition of
AChR clustering by a TrkB-dependent pathway.

The results presented above indicate that exogenous BDNF/
NT-4 blocks agrin-induced AChR clustering. To determine
whether such an inhibitory pathway is an intrinsic feature of
muscle cells, we asked whether TrkB ligands secreted by
myotubes regulate AChR cluster formation. Previous work has
shown that NT-4 is expressed by muscle (39). To neutralize
endogenous neurotrophins, we incubated the myotubes with
TrkB-Fc, a fusion protein combining the extracellular, ligand-
binding domain of TrkB with an IgG heavy chain. TrkB-Fc thus
acts as a scavenger that binds to extracellular BDNF or NT-4.
In these experiments, neither agrin nor neurotrophins were
added to the cultures. Treatment with TrkB-Fc resulted in a
dose-dependent increase in the number of AChR clusters,
which peaked at a two-fold increase over the number of
spontaneous clusters (Fig. 3A). The increase in AChR clus-
tering induced by the TrkB-Fc fusion was blocked by addition
of excess NT-4 (200 ng/ml). In addition, TrkB-Fc potentiates
the number of AChR clusters formed in response to submaxi-
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mal concentrations of agrin (Fig. 3B) but had no affect on the
number of clusters formed in response to maximal agrin
concentrations. In contrast, a TrkA-Fc fusion or normal
human IgG had no effect (Fig. 3B; data not shown). Together,
these data suggest that muscle-derived neurotrophins, acting in
an autocrine fashion, limit the formation of AChR clusters.
These findings also indicate that the neurotrophin-induced
inhibition is influencing the agrin signaling pathway.

Muscle cells in vivo are undoubtedly exposed to both neural
agrin and to BDNF/NT-4. To assess the relative strengths of
these stimulatory and inhibitory signals for AChR clustering,
we determined the respective effects of increasing concentra-
tions of agrin and BDNF. In myotube cultures treated with a

half-maximal agrin concentration (20 pM), NT-4 caused a
dose-dependent inhibition of the number of AChR clusters
formed (Fig. 4A). However, the concentration of neurotrophin
that yielded a complete inhibition of clustering could be
occluded when the agrin concentration was increased (Fig.
4B). In addition, a 10-fold greater concentration of BDNF (200
ng/ml) had no effect on the number of clusters formed in
response to maximal agrin concentrations (75 pM). Similarly,
the anti-TrkB antibody-mediated inhibition also was overcome
by increasing concentrations of exogenously applied agrin
(data not shown). Thus, neurotrophins modulate agrin-
induced AChR clustering. However, at sufficiently high con-
centrations agrin is the dominant influence in the formation of

FIG. 1. Exogenous BDNF and NT-4 inhibit agrin-mediated AChR clustering. (A) Cultured myotubes were grown for 3 days and then incubated
for 12 hr in media only (unstimulated), media plus agrin (20 pM), or agrin and BDNF (20 ng/ml) as indicated. AChRs were labeled with rhodamine
a-bungarotoxin. In unstimulated myotubes, the AChRs are diffusely distributed, with only occasional spontaneous clusters observed (arrowhead).
The addition of agrin to the myotubes induced an increase in the number of AChR clusters. In the presence of BDNF, agrin failed to induce AChR
clusters. (Bar 5 20 mm.) (B) Sensitivity of agrin-induced AChR clustering to various neurotrophins. Myotubes were treated with the indicated
neurotrophin in the presence (hatched bars) or absence (open bars) of 20 pM agrin (Ag). BDNF and NT-4 (20 ng/ml) inhibited agrin-induced AChR
clustering (n 5 4; p, P , 0.001) but had no effect on the number of spontaneous clusters (n 5 3). The level of agrin-induced AChR clustering was
unaffected when NGF or NT-3 (20 ng/ml) was added (n 5 4). Mean 6 SEM.

FIG. 2. BDNF/NT-4 inhibition of AChR clustering is mediated by TrkB receptors. (A) The mRNA-encoding full-length TrkB is present in
cultured chicken myotubes. Nested PCR performed on a clone of full-length chicken TrkB produced a product of approximately 570 bp (lane 1).
Nested PCR performed on two concentrations of a cDNA library made from chicken myotubes (lanes 3 and 4) or reverse transcription–PCR on
RNA isolated from chicken myotubes in culture (lane 6) also produced an identical sized product. Lanes 2 and 5 had water substituted for DNA
in the nested PCR reaction to control for contamination. (Bar 5 5 mm.) (B) TrkB expression in myotubes. Cultured myotubes were fixed and labeled
with either anti-TrkB antibody or an irrelevant IgG followed by an anti-rabbit-IgG secondary antibody conjugated to Cy3. TrkB immunoreactivity
is distributed in a finely punctate pattern along the surfaces of the myotube. (C) Sensitivity of agrin-induced AChR clustering to Trk receptor
activation. Myotubes were incubated (12 hr) with 10 mg/ml anti-TrkB, anti-TrkC, or an irrelevant IgG (control IgG) in the presence of 20 pM agrin
(Ag; hatched bars). At this concentration, both anti-Trk antibodies activate their cognate receptors (28, 29). Activation of TrkB inhibited
agrin-induced clustering (n 5 4; p, P , 0.001). Treatment with anti-TrkC (10 mg/ml) or an irrelevant IgG had no effect on agrin-mediated AChR
cluster number (n 5 3). Mean 6 SEM.
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postsynaptic specializations on these cultured chicken myo-
tubes.

DISCUSSION

The findings presented here show that neurotrophic factors
regulate postsynaptic differentiation on muscle cells. We used
several independent approaches to test this hypothesis, and
they yielded a remarkably coherent answer. A survey of the
four major neurotrophins showed that only BDNF and NT-4
influenced AChR clustering. We then demonstrated that
cultured muscle cells express mRNA encoding full-length
TrkB and that TrkB is present on the myotube cell surface.
Direct activation of the TrkB receptor by a TrkB-specific
antibody mimicked the effect of added BDNF/NT-4. Impor-
tantly, the muscle cells themselves use neurotrophins to reg-
ulate the clustering of AChRs on their surface: neutralization
of endogenous TrkB ligands results in an increase in the level
of AChR aggregates on the cell. Finally, we showed that high
concentrations of agrin can occlude the neurotrophin inhibi-
tion observed on these myotubes, suggesting that an interplay

of agrin stimulation and neurotrophin inhibition could serve to
regulate postsynaptic differentiation. The implications of these
findings are discussed below.

A general conclusion of these findings is that factors known
to be present in muscle can negatively regulate AChR clus-
tering. It is well established that an activity-dependent pathway
down-regulates extrasynaptic AChR synthesis (1); however,
mechanisms that might suppress their clustering have not been
defined. Nonetheless, a number of observations have antici-
pated the existence of such inhibitory pathways. For example,
a foreign motor nerve presented extrasynaptically to an inner-
vated muscle fails to induce postsynaptic differentiation. In
addition, extrasynaptic AChR clusters are rarely observed in
developing muscle in vivo (40–42) even though there are high
levels of extrajunctional AChRs on the myofibers at these
times (43). The results presented here suggest that neurotro-
phins could act to suppress extrasynaptic AChR clustering.
Interestingly, muscle-derived NT-4 levels rise after innervation
and decrease on denervation (39); this decrease in NT-4 could
contribute to the ability of denervated muscle to accept
extrasynaptic innervation.

BDNF/NT-4 could also play a role in postsynaptic differ-
entiation. The release of agrin by the nerve terminal and its
binding to the extracellular matrix is undoubtedly a key
mechanism in ensuring that postsynaptic specializations are

FIG. 3. Endogenous TrkB ligands regulate AChR cluster forma-
tion. (A) Myotubes were incubated with increasing concentrations of
TrkB-Fc fusion (30–60 mg/ml) to neutralize endogenous TrkB ligands
secreted by the myotubes. The number of AChR clusters increased in
cultures incubated with TrkB-Fc but did not attain the level of AChR
clustering seen with a saturating amount of agrin. Addition of NT-4
(200 ng/ml) was able to reverse the TrkB-Fc induced increase in AChR
clusters (n 5 3; p, P , 0.01; pp, P , 0.001). (B) Myotubes were treated
with TrkB-Fc fusion (or control TrkA-Fc fusion) either alone or in the
presence of agrin concentrations that induced half-maximal (20 pM)
or maximal (100 pM) levels of AChR clustering. TrkB-Fc fusion
potentiated the agrin-induced clustering seen with 20 pM agrin, but
had no effect on the number of clusters formed in response to maximal
concentrations of agrin. No significant change in AChR clustering was
observed when TrkA-Fc fusions were used. (n 5 3; p, P , 0.001).
Values shown are mean 6 SEM.

FIG. 4. Evidence that neurotrophins are acting through the agrin
pathway. (A) Myotubes were stimulated with 20 pM agrin to induce
AChR clustering in the presence of increasing concentrations of NT-4.
NT-4 showed a dose-dependent inhibition from 0.2 ng/ml to 20 ng/ml.
Increasing the concentration above 20 ng/ml had no additional effect
on the number of AChR clusters. (B) High concentrations of agrin
occlude BDNF inhibition of agrin-induced AChR clustering. Myo-
tubes were treated with increasing concentrations of agrin (Ag) in the
presence or absence of BDNF (20 ng/ml), and the number of AChRs
clustered was determined. BDNF significantly inhibits AChR cluster-
ing at all but the highest agrin concentration. High concentrations of
BDNF (200 ng/ml) did not significantly decrease agrin-induced AChR
clustering at high agrin concentrations. (p, P , 0.01; pp, P , 0.001).
Values shown are mean 6 SEM.
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arrayed opposite the presynaptic apparatus. The dominance of
high agrin concentrations over neurotrophin inhibition ob-
served here is consistent with this idea. However, synapses
undergo extensive remodeling. During synapse elimination,
the postsynaptic apparatus is removed from underneath one of
two neighboring nerve terminals. Furthermore, the remaining
postsynaptic apparatus is reshaped from its original plaque-
like configuration to the elaborately branched structure char-
acteristic of a mature endplate. Neurotrophins could poten-
tially play a role in one or both of these processes.

The neurotrophin-mediated regulation of AChR clustering
is likely to involve an interaction between the signaling path-
ways for neurotrophins and for agrin. The BDNF/NT-4-
mediated inhibition is probably not the result of regulation of
gene expression, because we observe similar inhibition of
agrin-induced AChR clustering in short-term (4-hr) experi-
ments (unpublished observations). Many steps in the agrin
pathway, including activation of the agrin signaling receptor
MuSK (7, 44), recruitment of rapsyn (45, 46), intracellular
calcium fluxes (47), and tyrosine phosphorylation of AChRs
(48) have been elucidated. It will be of interest to determine
which of these steps may be modulated by the action of

neurotrophins. Notably, the muscle cell could potentially
attenuate (or potentiate) the agrin clustering signal through
regulating the activity and/or number of TrkB receptors. It will
also be important to characterize the AChR clustering induced
by neutralization of endogenous BDNF/NT-4 in the absence of
added agrin. The trigger for such spontaneous clusters is not
known, but their formation often requires the MuSK-based
signaling pathway (49).

Neurotrophins are emerging as key modulators of synaptic
differentiation and plasticity in both muscle (20, 21) and the
CNS (18, 50–52). NT-4 overexpression in muscle cells poten-
tiates synaptic transmission by increasing transmitter release
from the nerve terminal (20). In addition, Wang and Poo (20)
also demonstrated the ability of NT-4 to mediate AChR gating
properties, presumably through activation of TrkB receptors
on the muscle. However, the molecular basis by which neuro-
trophins regulate synapse formation and stability, particularly
with respect to the postsynaptic apparatus, is unknown. The
results presented here indicate that neurotrophins modulate
the agrin signaling pathway that leads to the formation of
postsynaptic specializations. A model for the role of BDNF/
NT-4 in regulating synaptic plasticity is depicted in Fig. 5. This
model takes into account the role of these neurotrophins in
postsynaptic differentiation presented here as well as work by
others showing that these factors potentiate neurotransmitter
release (20) and stimulate the production of ARIA (21). Thus,
muscle-derived BDNF/NT-4 can regulate synaptic differenti-
ation by activation of TrkB receptors on both the nerve
terminal and the muscle.

Could the interaction between BDNF/NT-4 and agrin sig-
naling provide insights into synapse formation and/or plasticity
in the brain? BDNF has clear effects on synaptic function in
the hippocampus (18, 24, 52, 53). In addition, agrin is ex-
pressed at synapses on cultured hippocampal neurons (D.G.W.
and J.R.F., unpublished observations). At present, neither the
mechanism of action of BDNF nor the role of agrin at CNS
synapses is known. However, the present findings raise the
possibility that an interplay between agrin and BDNF could
regulate synaptic structure or function in the CNS.
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